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Task 1. Fabricate an optimized GaAs(*°B) detector

Sngle dement °B-coated bulk GaAs detectors have been fabricated and tested for
efficiency. The sngle dement devices have been fabricated from commercidly avalable bulk
GaAs wadfers that have been thinned to only 200 mm. The thin cross section reduces
background gamma ray interaction interference. The devices have been fabricated such that
they operate at low voltages, usudly between 50-100 V. A method to apply thick films (up to 2
mm) of °B has been developed. Various °B-film thicknesses, ranging 0.1-1.84 nm, have been
deposted. Measured efficiencies follow theoretica caculations WeII,1 and thermd neutron
efficiencies gpproaching 4% have been messured.’

The '°B-coated hulk GaAs devices thus far have withstood neutron fluences above 10™
n/cr? without any noticeable degradation. Radiation resistance tests are presently ongoing, with
devices being irradiated up to a total neutron fluence of 10" n/cn?. Epitaxid-based GaAs
detectors show very srong signas under a zero bias condition” and offer a low power
dternative to bulk GaAs devices. Yet, comparisons to high purity GaAs-based neutron
detectors clearly indicate that semi-insulating (Sl) bulk GaAs devices are far more radiation
hard than epitaxial GaAs detectors” Asa result, Sl bulk GaAs devices are being used for the
find design.
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electronic noise, hence the devices were generally operated between 50 and 130 V.

Severa measurements were performed with the detector in a neutron beam from E-port.
E-port is aigned directly with the corner of the FNR D,O moderator tank, hence the neutron
flux and gamma-ray components are much higher than observed with the double diffracted
beam at A-port. The measured neutron flux is approximately 1.7 10° n/cn-s and the gamma-
ray exposure rate at E-port is 1.1 R/hr. Studies were performed with the devices shielded with
various absorbers for neutrons and gamma-rays, including cadmium, borated high-dengity
polyethylene (BHDP), and lead sheets. Shown in Figure 2 are the results of the single dement
device operated at areverse bias of 80 V with no shielding (series 1), 2 inches lead (series 2), 2
inches of BHDP shidding (series 4), and 2mm cadmium/2 inches lead/2 inches BHDP (series
6). These measurements were performed to verify the detector was responding to the
gppropriate radiation type and expectations and to develop Srategies for shielding the device
for the spent fued measurements.
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Figure 2. Comparison of spectra with a B discriminating neutron: detector.
cnated GaA < detectar Raveree hiag = R0/ Discrimination tests in the mixed

gamma-ray (1.1 R/hr) and neutron fidd (10° n/en?-s) indicate thet a very high neutron/gamma-
ray discrimination ratio can be achieved. Measurements thus far show the /g count rate ratio
reaching 90 if the LLD is st high enough.? Lead shielding lowers the gamma-ray interactions
ggnificantly. The primary reason for the difference can be seen in Fgure 2, in which the
gamma-ray energy (channe number) demondrates a rear exponential decrease in count rate
with increasing energy, an expected result for gamma-ray absorption in amateria. However, the
obsarved energy didribution of the charged-particle reaction products from *°B(n,a)’Li
reections does not exponentiadly decrease with energy, primarily because the neutron
interactions take place only a the detector surface and the observed energies are from
absorption of the energetic charged-particle reaction products. In some cases, nearly dl of the



charged-particle full energy is absorbed in the GaAs detector, thereby causing the appearance
of a peak in the spectrum. Hence, a large separation in the energy spectrum between the
gamma-ray events and the neutron-induced events becomes apparent near channd 660, and
continues to separate further with higher energies. Channd 660 corresponds to gpproximately
725 keV. Shidding the detector with lead further enhances the n/g count ratio, in which the
gamma ray component is reduced by afactor of gpproximately 2.5 over the neutron component
for every two inches of lead. Hence, a two-inch lead shield increases the n/g discrimination
ratio consderably.

Pixellated devices have adso been fabricated. The pixelsare 0.5 mm x 1 mmin Sze, and are
aranged in adud in-line desgn. Each line has 16 or 32 pixds, condtituting a tota of 32 or 64
pixels per device. The devices have been designed and cut such that they can be fit end to end
without “dead” space. As aresult, a very long array can be congtructed with severd devices
laid lengthwise.

The new 32-dement pixellated devices have been used in E-port and show an improved n/g
count ratio due primarily to their thinner design and a lower operating voltage (40 V). The
pixellated detector has been used to image a variable thickness (1.0, 3.0, 4.5, 6.0, 7.3, 8.8,
10.0, 115, 12,5, and 13.5 mm) high dengty polyethylene (HDP) step wedge by scanning the
detector across the step wedge. Figure 3 shows the detector response as a function of position
across the step wedge for the firg five wedge thicknesses using three minute counts. Figure 4
shows the spectra from the pixellated detector operated at 40V in E-Port. Shown are the raw
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Figure 3. Three minute countsfor a

pixellated detector as afunction of Figure 4. Totd and gamma-ray subtracted
position across HDP step wedge with spectra from a  pixellaed detector.
thicknesses of 1.0, 3.0, 4.5, 6.0, and 7.3 Neutron-to-gammarray count ratio = 24.

gpectrum (top) and the gamma-



ray corrected spectrum (bottom). For these measurements the n/g count ratio was 24. This
further demondrates the detector’s sengtivity to smdl changes in materid thickness but aso
points out the need for long counts to develop good datistics. The neutron flux from the S/Be
source is expected to be much lower than that available a E-port.

Task 2. Build a 24-keV neutron collimator and Sh/Be sour ce

A well shidded detector holding device and Sb/Be source have been designed from
measurements made over the past year and are currently being constructed. An exising Sb/Be
source is being used to determine the find source desgn geometry to maximize its use and
minimize the noise sgnd from scattered neutrons and gamma-rays. A rotating/trandation table
has been designed to hold the spent fuel bundle and manipulateit in the beam. Haf of thetable
was purchased during Phase 2 and the remainder will be purchased and assembled during
Phase 3. Figure 5 illudgtrates the physica setup for the measurements for Phase 3, which will be
performed in ahot cdl with an irradiated control fue bundle from the FNR.
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Fgure5. Physica setup for hot cell fud bundle measurements.

Task 3. Develop detector response algorithm and obtain spent fuel characteristics
This task involves the determination of fuel characteristics, including fud burnup and fissle
contents, in an irradiated fud element from neutron reaction rates measured with GaAs(*°B)
detectors. For this purpose, we would like to determine the intensity and spectrum of the
neutron flux emerging from the fuel dement with and without a neutron source, in our case, an
Sh/Be source.  In particular, we would like to separately obtain contributions to the detector
count rates from the 24-keV Sb/Be source neutrons, induced fission reactions, and spontaneous
fisson processes. Although an iron filter tends to provide a narrow window of neutron passage



around 24 keV, it is by no means a ddta-function filter and we need to determine the neutron
gpectrum around this source energy of the Sb/Be source. For this task as wel as for
determining the fisson contributions, we have developed a spectrd unfolding technique utilizing
the detector count rates measured with various filters. In addition to iron filters, we consider
moderator films or plates placed between the fuel eement and the detectors.

To provide agenerd framework for the unfolding approach, we consider a detector |ocated
at radius r from the axis of a neutron beam described by flux f (E) emerging from afud dement
and incident on the filter. We begin with an expression for the detector reaction rate R(r), for
the ™ filter, registered on the »°B film of absorption cross section S(E):

R(r)= ¢ dE® dEf (EQK;(r,E® E)S(E), (1)
where K;(r,EC¢® E) isakernd representing the neutron flux of energy E emerging from the
filter and ariving a the detector due to a unit flux of energy E’ incident on the filter. For a
collimated beam of neutrons, the kernd K (r,E¢® E) may be interpraed6 as the point spread
function (PSF), on the detector plane, with the assumption that the filter is an isotropicaly
scattering medium.  Equation (1) may be recast in asmpler, intuitive form:

¥ *
R(r) =@ dEf; (r.E)S(E), @)
where f i*(r, E) representsthe actud flux of neutrons of energy E incident on the detector:
f(r,E)=§ dE® (EOK;(r,E® E). 3)

To obtain the information we seek, i.e, the flux f (E) for neutrons emerging from the fue
element, we define

A(r,EQ = § dEK;(r,E6® E)S(E) 4
representing the detector reaction rate associated with a unit flux of energy of energy E’ incident
on the filter and rewrite Eq. (2):

R(r) =g dEE (EQA(r.E9. (5)
In terms of Egs. (4) and (5), A(r,E9 may now be interpreted as the detector cross section
modulated by the filter PSF. Using a multi-group structure, j =1, 2, ..., N, EQ. (5) may be
discretized:

R(r)= g A (r)E ;, for thei” filter. (6)
For the solution to be feasible, the nu#ﬁk%er N of the energy groups has to be congtrained by the
number of filters. Thus, for ardatively smdl number of filters, we need to consder a collection
of detectors at different radia locations with respect to the incident collimated beam so that we
may obtain sufficiently fine spectra information. Pixellated detectors may satidfy, in principle,
this requirement in a naturd way. In practice, however, it may be necessary to use a collection



of pixellated detectors, with different filter configurations, to create a modulated cross section
matrix A suitable for inverson. With each of these pixellated detectors providing a digtinct
reactionrate, R,1=1, 2,...,N, weobtan

R—aAH,l—lz .N. (7)
With the inverson of the modulated cross section matrix A, we findly obtain the discrete flux
spectrum:
f=AIR. (8)
During the reporting period, we have initiated measurements of the modulated cross section
matrix A under Task 2 and performed Monte Carlo caculations supporting the measurements.
The measurements were made with severd different filter arrangements at Eport of the FNR,
where the average energy is 18 meV. We have used a different combinations of iron, cadmium,
and polyethylene filters, with a single-dlement GaAs detector, concentrating on smple
penetration measurements, which correspondsto A(r,EQ for r = 0in Eq. (4). The Monte
Carlo caculations for A(r, EQ have been performed with the MCNP code’ in acylindricd
geometry with a pencil beam of neutrons of different energies. The MCNP caculaions indicate
genard agreement with the experimentd data and the feadhility for the spectrd unfolding
gpproach outlined here. We note that the primary effect of a polyethylenefilter isto dow down
neutrons, for E > 1.0 eV, thereby increasing the detector reaction rate. In contrast, the filter
tendsto act primarily as an absorber and atenuate the beam for neutronswith E < 1.0 eV.

Proposed Work for Phase 3

Task 1. Measure spent fudl characteristics of an irradiated FNR fuel element

1. Optimized detector development
New GaAs detector designs are now underway and will be implemented. Theoretica
models indicate that the new neutron detector designs can increase the maximum efficiency
up above 12%, an increase of 3 times greater than the present design. The detectors are
also being rradiated under various conditions to determine radiation hardness to gamma
rays, neutrons and charged particles. The radiation hardness results will be compared with
results for smilar devices fabricated from Si. The pixellated devices will be connected to
miniaturized readout € ectronics and driven as sand-adone plug-in chips.

2. Three-dimensond fud bundle measurements
The rotate/trandate table will be used to move the fud bundle through the S/Be neutron
beam while data are taken from the 64 (minimum) pixel arays and placed in a computer
buffer. After traversing the full width of the fud bundle, the fuel bundle will be rotated three
degrees and another profile taken. The 120 profiles will be used to develop a 3D



computerized recondruction of the locdized fud characteridtics of the bundle. These
images will be developed with and without the neutron beam and with a series of filters to
assig in the assay of the fissle contents. The fissile contents will be determined through the
spectral unfolding formulation developed in Phase 2. These detailed profiles will be taken a
severd longitudina locations adong the fud bundle to look for expected variaions. In
addition longitudina measurements will be used with a fixed source and fud bundle
orientation and movement of the detector array to gather off-axis scatter information for use
in the modding discussed under Task 2.

Task 2. Optimize the computational scheme to determine spent fuel characteristics
1. Expeimenta determination of the modulated cross section matrix A

Once an Sh/Be source is fabricated to provide 24-keV neutrons, we will concentrate on
using the source with a suitable iron filter to obtain the intensity and spectral informetion
associated with the source neutrons. We will dso determine the neutron flux emerging from
amockup of FNR fud dements using varying combinations of filters. We will make full use
of pixellated GaAs detectors during the coming yesar.

2. Simulation of spent fue measurements
MCNP cdculations, combined with the WIMS lattice physics code,8 will be used to
smulate the isotopic digribution in the fud assembly and the detector geometry. The
caculated matrix A will be benchmarked to actua measurements.  We will use the spectra
unfolding methodology developed in Phase 2 to obtain discrete spectral data and obtain
contributions from spontaneous and induced fisson processes. The overal spectrd

unfolding methodology and spent fudl assay techniques will be verified through MCNP
cdculations.
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